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Objective: To compare the 2D and 3D MOCART system obtained with 9.4 T high-ﬁeld magnetic resonance
imaging (MRI) for the ex vivo analysis of osteochondral repair in a translational model and to correlate
the data with semiquantitative histological analysis.
Methods: Osteochondral samples representing all levels of repair (sheep medial femoral condyles;
n ¼ 38) were scanned in a 9.4 T high-ﬁeld MRI. The 2D and adapted 3D MOCART systems were used for
grading after point allocation to each category. Each score was correlated with corresponding re-
constructions between both MOCART systems. Data were next correlated with corresponding categories
of an elementary (Wakitani) and a complex (Sellers) histological scoring system as gold standards.
Results: Correlations between most 2D and 3D MOCART score categories were high, while mean total
point values of 3D MOCART scores tended to be 15.8e16.1 points higher compared to the 2D MOCART
scores based on a BlandeAltman analysis. “Defect ﬁll” and “total points” of both MOCART scores
correlated with corresponding categories of Wakitani and Sellers scores (all P  0.05). “Subchondral bone
plate” also correlated between 3D MOCART and Sellers scores (P < 0.001).
Conclusions: Most categories of the 2D and 3D MOCART systems correlate, while total scores were
generally higher using the 3D MOCART system. Structural categories “total points” and “defect ﬁll” can
reliably be assessed by 9.4 T MRI evaluation using either system, “subchondral bone plate” using the 3D
MOCART score. High-ﬁeld MRI is valuable to objectively evaluate osteochondral repair in translational
settings.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Magnetic resonance imaging (MRI) is of great value for trans-
lational studies of osteochondral repair1e3. MRI is the major
noninvasive tool to assess the structure of normal and osteoar-
thritic articular cartilage and cartilaginous repair tissues4e10.H. Madry, Kirrberger Strasse,
: 49-6841-1624515; Fax: 49-
david.zurakowski@childrens.
ller@uniklinikum-saarland.de
mmcucchiarini@hotmail.com
ternational. Published by Elsevier LParticularly the development of the 2D and 3DMOCART system has
greatly inﬂuenced and advanced non-destructive investigations of
cartilage repair11e14. Clinical scanners with ﬁeld strengths of 1.5
and 3.0 T (T) are also applied to assess cartilage repair in trans-
lational models in vivo15,16. Using indirect arthrography at 1.5 T
in vivo, ovine osteochondral repair was shown to correlate with
histological ﬁndings16. This ability to provide information on the
structure of the repair tissue is of great value because histological
evaluatione themain pillar to reliably and reproducibly investigate
articular cartilage repair e is more time-depending16,17. Recently, a
higher degree of spatial resolution and image quality has been
achieved by greatly enhancing the ﬁeld strength of the applied
systems15. Particularly the development of high-ﬁeld MRI scanners
at 9.4 T allows for a detailed assessment of experimental cartilagetd. All rights reserved.
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samples are employed18. An increase in ﬁeld strength directly
correlates with a better signal-to-noise ratio (SNR) and higher
resolutions, a main pillar when morphological MRI analysis are
performed, while high-ﬁeld MRI offers a vast range of possible
applications15,19e21. Moreover, it has been already shown that
semiquantitative macroscopic analysis of articular cartilage repair
correlates with the 2D MOCART score using high-ﬁeld MRI18.
However, it remains unknown whether histological repair of
articular cartilagedefects in a large animalmodel correlateswith the
MOCART scores assessed by a high-ﬁeld MRI at 9.4 T. Therefore, the
ﬁrst aim of this study was to compare the 2D and 3D MOCART sys-
tems obtained at 9.4 T for the ex vivo analysis of osteochondral repair
in a sheep model. The rationale was based on the fact that the 3D
MOCART score permits a more accurate and detailed assessment of
cartilage repair comparedwith the2D system12,13. Second,we tested
the hypothesis that the structural data from the 2D and 3DMOCART
scoring systemssigniﬁcantlycorrelatewith the respectivecategories
from semiquantitative histological analysis using the elementary
Wakitani22 and complex Sellers23 score as gold standards.
Materials and methods
Study design
Adult Merino sheep received standardized full-thickness carti-
lage defects in the weight-bearing area of the medial femoral
condyle of their stiﬂe joints that were treated by Pridie drilling.
After 6 months, the animals were sacriﬁced and the explanted
osteochondral units containing the defects were scanned in a 9.4 T
high-ﬁeld MRI. The 2D and adapted 3D MOCART scores were
applied independently by two different observers (A and B), and
additionally a second time by observer A. By keeping a time interval
of 19 months between both evaluations of observer A, a bias by
recognition was ruled out. Data of both MOCART systems were
compared between each other and correlatedwith the categories of
a semiquantitative elementary and a complex histological scoring
system (Fig. 1).
Animal experiments
Animal experiments were in accordance with the German
legislation on protection of animals and the NIH Guidelines for the
Care and Use of Laboratory Animals [NIH Publication 85-23, Rev.Fig. 1. Example of coronar and sagittal reconstructions of an osteochondral sample in a 9
reconstruct MRI evaluations in any plane in space without losing steric information. Asteris
cartilage, in the sagittal plane crosses demarcate artifacts caused by sample preparation, ar1985] and were approved by the local governmental animal care
committee (see Fig. 2). Osteochondral units were obtained from a
previous study focusing on the development of a macroscopic
scoring system for cartilage repair and its correlation with 9.4 T
MRI18. The animal model has been reported before24. Brieﬂy,
standardized full-thickness chondral defects (4  8 mm, rectan-
gular) were created in the weight-bearing area of the medial
femoral condyle in each stiﬂe joint (n ¼ 44) in healthy, skeletally
mature female Merino sheep (n ¼ 22; age between 2 years and 4
years; average weight 70 ± 20 kg) after entering the stiﬂe joint
through a medial parapatellar approach. The articular cartilage,
including the calciﬁed cartilage, was meticulously removed down
to the cement line. Based on an ex vivo 9.4 T MRI analysis of two
medial femoral condyles of a non-operated, age-matched, healthy,
skeletally mature female Merino sheep, cartilage thickness ranged
between 1.0 and 1.1 mm on either edge of the created cartilage
defects. No bleeding from the subchondral bone was observed. Six
subchondral drill holes (diameter: 1.0 mm) were introduced into
each defect using a Kirschner wire to a depth of 10 mm in a stan-
dardized manner (2  3 parallel drill holes per defect). Animals
were allowed fully weight-bearing post operationem. Preoperative,
osteoarthritis has been excluded by X-ray examination. Three
sheep (n ¼ 3/22) were excluded due to infection. After 6 months,
the sheep (n ¼ 19/22) were sacriﬁced, the medial femoral condyles
were explanted (n ¼ 38), ﬁxated in 4% formalin, transferred to 70%
ethanol and prepared for further investigation.
Evaluation by 2D and 3D MOCART score with 9.4 T high-ﬁeld MRI
Explanted medial condyles were examined in a 9.4 T high-ﬁeld
MRI scanner developed for imaging of small animals (Biospec
Avance III 9.4/20, Bruker Biospin, Ettlingen, Germany) as previously
described18. A circular polarized volume coil (inner diameter:
40 mm) adapted for imaging experiments of rat brain, in receive/
transmit conﬁguration was used. A three-dimensional (3D) spoiled
gradient echo (GE) sequence was chosen to perform isovolumetric
scans of the osteochondral samples. Optimized imaging categories
were evaluated as: repetition time (TR): 10 ms, time echo (TE):
3 ms, ﬂip angle (FA): 10, number of excitations (NEX): 10 and
bandwidth (BW): 98,684.2 kHz. To minimize acquisition time and
warming of the samples and the employed coil system, readout
direction was placed in alignment with the longest dimension of
the scanned objects, adapting the matrix size to completely cover
the samples (typically consisting of a set of 256 128 128 voxels)..4 T high-ﬁeld MRI. Isometric voxel size (edge length ¼ 120 mm) allows to virtually
ks indicate the integration zone of the repair tissue with the adjacent normal articular
rowheads point at drill holes. Scale bar, 4 mm.
Fig. 2. Examples of osteochondral repair in corresponding high-ﬁeld MRI images and histological sections. Example of good (a, b) and poor (c, d) osteochondral repair shown in
representative coronar high-ﬁeld MRI images (a, c) and corresponding coronar histological sections (b, d) of the same samples. The ﬁrst osteochondral specimen illustrating good
repair (a, b) is characterized by a complete ﬁlling of the defect, good integration at the margins, and a congruent articular surface. There is some degree of subchondral bone plate
remodeling. In contrast, the second osteochondral specimen illustrating poor repair (c, d) shows no ﬁlling of the defect, lack of a congruent articular surface, and disturbance of the
subchondral bone plate together with a large subchondral cyst. Asterisks indicate the integration zone of the repair tissue with the adjacent normal articular cartilage, arrowheads
show the dimension of the subchondral cyst. Scale bar, 4 mm.
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multiplanar reconstructions without losing spatial resolution.
Consecutive to the scans, reconstructions in three orthogonal
planes were performed in identical spatial resolution (Paravision
5.1, JIVE tool, Bruker Biospin) and analyzedwith ImageJ version 1.45
(NIH, Bethesda, MD, USA; Fig. 1). Applying a standardized proce-
dure, the anterior 3.5 mm of the defects were analyzed to avoid any
inﬂuence caused by sample preparation.
First, the repair tissue of all defects was evaluated using a
modiﬁcation of the 2D MOCART score (a clinical scoring system for
cartilage repair)11 as previously described (Table I)18. Next, the 3D
MOCART scoring system was adapted for the ex vivo analysis of
small osteochondral samples as published by Trattnig et al.7. Point
allocation was adopted from the modiﬁed 2D MOCART score while
the different categories were ﬁtted for ex vivo analyses11,18. ThisTable I
Modiﬁcation of the clinical 2D MOCART score developed by Marlovits et al. for the
evaluation of ex vivo osteochondral samples
2D MOCART score
Category Item Points
Defect ﬁll Subchondral bone exposed 0
Incomplete < 50% 5
Incomplete > 50% 10
Complete 20
Hypertrophy 15
Cartilage interface Complete 15
Demarcating border visible 10
Defect visible < 50% 5
Defect visible > 50% 0
Surface Surface intact 10
Surface damaged < 50% of depth 5
Surface damaged > 50% of depth 0
Adhesions Absent 5
Yes 0
Structure Homogeneous 5
Inhomogeneous or cleft formation 0
Signal intensity Normal 30
Nearly normal 10
Abnormal 0
Subchondral lamina Intact 5
Not intact 0
Subchondral bone Intact 5
Granulation tissue, cyst, sclerosis 0
Effusion Absent 5
Yes 0
Total points 100modiﬁed 3D MOCART scoring system then similarly ranged from
0 points (no repair) to 100 points (excellent cartilage defect repair;
Table II).
The categories “defectﬁll”, “cartilage interface” (integrationwith
adjacent cartilage), “bone interface” (integration to subchondral
bone), “signal intensity” (of repair tissue) and “chondral osteo-
phytes” (intralesional osteophytes) were used unchanged. From the
category “surface”, the item “adhesions” was removed and consid-
ered as an independent category (analyzed byclinical examination).
“Structure” was further subclassiﬁed, distinguishing four charac-
teristics in the adapted 3D MOCART score (Table II). The new cate-
gory “integrity of subchondral bone plate”was included, based on a
scale developed by Ochs et al.25. The different items from the cate-
gory “subarticular spongiosa” were summarized into different
groups to allow for a more comprehensive evaluation. The category
“effusion” from the original 3D MOCART systemwas merged to the
items “yes” or “absent” and determined by clinical inspection.
Intra- and interobserver reliability
The different reconstructions of the osteochondral samples
gained in a 9.4 T high-ﬁeld MRI were independently evaluated by
two different observers (A and B), and additionally a second time by
observer A. Between both evaluations of observer A, a time interval
of 19 months was kept to prevent any bias by recognition. Observer
Awas a registrar for orthopedic surgery and observer B a consultant
for orthopedic surgery.
Histological analysis
Decalciﬁed and parafﬁn-embedded coronal sections of the
osteochondral samples perpendicular to the articular surface
(thickness 5 mm) were stained with hematoxylin and eosin to
detect cells and safranin O/fast green to detect proteoglycans as
previously described26. All cartilage defects were analyzed with the
semiquantitative scoring systems developed by Wakitani et al. and
Sellers et al.17,22,23 by observer A. A total of 418 sections were scored
(11 sections per defect).
Internal and external correlation
2D and 3D MOCART scoring systems were correlated between
each other (internal correlation). Therefore, reconstructions with
Table II
3DMOCART scoring system as described by Trattnig et al. adapted for the evaluation
of ex vivo osteochondral samples
3D MOCART score
Category Item Points
Defect ﬁll 0% 0
0e25% 3
25e50% 5
50e75% 10
75e100% 15
100% 20
100e125% 15
125e150% 7
150e200% 3
>200% 0
Cartilage interface Complete 10
Demarcating border 8
Defect visible < 50% 3
Defect visible > 50% 0
Bone interface Complete 10
Partial delamination 5
Complete delamination/delamination
of periosteal ﬂap
0
Surface Intact 10
Damaged < 50% depth 5
Damaged > 50% depth 0
Structure Homogeneous 10
Inhomogeneous 5
Cleft formation 2
Absence of repair tissue 0
Signal intensity Normal (identical to adjacent cartilage) 10
Nearly normal (slight areas of signal alteration) 5
Abnormal (large areas of signal alteration) 0
Chondral osteophytes Absent 5
<50% of chondral thickness 3
>50% of chondral thickness 0
Integrity of subchondral
bone plate
>75% 10
50e75% 8
25e50% 5
0e25% 3
0% 0
Subarticular spongiosa Intact 10
Granulation tissue 8
Sclerosis 8
Cyst 5
Granulation tissue and sclerosis 5
Granulation tissue and cyst 2
Sclerosis and cyst 2
Granulation tissue, sclerosis and cyst 0
Adhesions Absent 3
Yes 0
Effusion Absent 2
Yes 0
Total points 100
Point allocation was based on the scale described by Trattnig et al. Category
“remodelling of subchondral bone plate” was adopted from a scale suggested by
Ochs et al., “bone marrow edema” was excluded while “adhesions” and “effusion”
were clinically determined.
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MOCART scores: coronal (2D coronar vs 3D coronar) and sagittal
(2D sagittal vs 3D sagittal), as well as different reconstructions
within identical scoring systems (2D coronar vs sagittal and 3D
coronar vs sagittal). For external correlation, coronal and sagittal 2D
and 3D MOCART scores were compared with Wakitani and Sellers
scores from coronal sections.Statistical evaluation
Results are expressed as mean value, 95% conﬁdence interval
(95% CI) and range or standard deviation (SD). To determine re-
lationships between coronal and sagittal 2D and 3D MOCART total
scores, the BlandeAltman method for calculating correlationcoefﬁcients was used27 to determine the average difference be-
tween the 2D and 3D systems (mean difference) and 95% CI for this
difference (plus or minus two SDs). A paired t-test was applied to
detect signiﬁcant differences. For intra- and interobserver correla-
tion, a linear correlation analysis was performed (Pearson correla-
tion coefﬁcient) for sagittal and coronal reconstructions of 2D and
3DMOCART scoring systems.When comparing 2D and 3DMOCART
scores with Sellers and Wakitani scores, Pearson correlation coef-
ﬁcient was used to determine a possible relationship between
histological and 9.4 T high-ﬁeld MRI data. Calculations were per-
formed with SPSS version 19.0 (SPSS Inc/IBM, Chicago, IL, USA). A
P value <0.05 was considered to be statistically signiﬁcant.
Results
Intra- and interobserver reliability
Both 2D and 3D MOCART scores were applied to grade articular
cartilage repair on coronar and sagittal reconstructions based on a
high-ﬁeld MRI evaluation at 9.4 T (Table III).
Intraobserver reliability for total points of observer A between
two different time points was always signiﬁcant for the 2D
MOCART (coronal reconstructions: r ¼ 0.804, P < 0.001; sagittal
reconstructions: r ¼ 0.496, P ¼ 0.002) and 3D MOCART systems
(coronal reconstructions: r ¼ 0.821, P < 0.001; sagittal re-
constructions: r ¼ 0.642, P < 0.001).
Interobserver reliability for total points between observer A and
B was also signiﬁcant for the 2DMOCART (coronal reconstructions:
r ¼ 0.819, P < 0.001; sagittal reconstructions: r ¼ 0.684, P < 0.001)
and 3D MOCART systems (coronal reconstructions: r ¼ 0.875,
P < 0.001; sagittal reconstructions: r ¼ 0.727, P < 0.001).
Comparison of experimental articular cartilage repair between 2D
and 3D MOCART scores
When total point values of the 2D and the 3D MOCART scores
were correlated, strong correlations were found for both, coronal
(r ¼ 0.940, P < 0.001) and sagittal (r ¼ 0.931, P < 0.001, Table IV),
reconstructions. However, mean point values of 3D MOCART scores
tended to be 15.8 ± 3.5 points (mean ± SD) higher for coronal re-
constructions and 16.1 ± 3.8 points for sagittal reconstructions than
2D MOCART scores. In this case, correlation did not necessarily
imply agreement as the difference between total point values was
signiﬁcant for coronal (paired t-test ¼ 28.15 on 37 degrees of
freedom, P < 0.001) and sagittal (paired t-test¼ 26.15 on 37 degrees
of freedom, P < 0.001) reconstructions yielding signiﬁcantly higher
total MOCART scores for the 3D MOCART system. Next, a
BlandeAltman plot was done separately for coronal and sagittal
reconstructions (Fig. 3), denoting the mean difference (referred to
as the “bias”) and the limits of agreement as dashed lines (plus or
minus two SDs). Based on this analysis, total scores tended to be
generally higher using the 3D MOCART system: they are expected
to be between 9 and 21 points higher for coronal and 8 to 24 points
for sagittal reconstructions, than those obtained on the 2DMOCART
system. A correlation analysis between the average of the 2D and
3D measurements vs the difference between the two systems was
not signiﬁcant for coronal (P ¼ 0.970) or sagittal reconstructions
(P¼ 0.490), revealing that the bias across the range of possible total
scores of the 2D and 3D MOCART systems was constant.
Correlation of 2D and 3D MOCART scores with an elementary and a
complex histological scoring system for cartilage repair
Overall, the internal correlation between the elementary
Wakitani and complex Sellers semiquantitative histological scoring
Table III
9.4 T high-ﬁeld MRI assessment of articular cartilage repair based on the semiquantitative 2D and 3D MOCART scoring systems
Category 2D MOCART 3D MOCART
Coronal reconstruction Sagittal reconstruction Coronal reconstruction Sagittal reconstruction
A e I A e II A e mean B e I All e mean A e I A e II A e mean B e I All e mean A e I A e II A e mean B e I All e mean A e I A e II A e mean B e I All e mean
Defect ﬁll mean
CI
range
5.3
4.4e6.2
0e10
4.6
3.7e5.5
0e10
4.9
4.1e5.7
0e10
4.7
3.7e5.7
0e10
4.9
4.1e5.7
0e10
4.9
4e5.8
0e10
4.5
3.5e5.5
0e10
4.7
3.8e5.6
0e10
5.3
4.3e6.3
0e10
4.9
4.1e5.7
0e10
4.7
3.5e5.9
0e15
4.2
3e5.4
0e15
4.5
3.4e5.6
0e15
3.9
2.7e5.1
0e15
4.3
3.2e5.4
0e15
4.1
2.9e5.3
0e15
4
2.8e5.2
0e15
4.1
3e5.2
0e15
4.8
3.5e6.1
0e15
4.3
3.2e5.4
0e15
Cartilage
interface
mean
CI
range
1.1
0.2e2
0e10
2.1
1e3.2
0e10
1.6
0.7e2.5
0e10
2.1
1e3.2
0e10
1.8
0.9e2.7
0e10
0.9
0e1.9
0e15
2.2
1.1e3.3
0e10
1.6
0.7e2.5
0e12.5
2.9
1.5e4.3
0e15
2
1.1e2.9
0e11.7
0.8
0.1e1.5
0e8
1.5
0.7e2.3
0e8
1.1
0.4e1.8
0e8
1.5
0.6e2.4
0e8
1.3
0.6e2
0e8
0.6
0e1.3
0e10
1.6
0.8e2.4
0e8
1.1
0.5e1.7
0e9
2.1
1.1e3.1
0e10
1.4
0.7e2.1
0e8.7
Bone
interface
mean
CI
range
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
10
n.d.
n.d.
Surface mean
CI
range
0.5
0e1
0e5
0.7
0.2e1.2
0e5
0.6
0.2e1
0e5
0.7
0e1.4
0e10
0.6
0.2e1
0e6.7
0.4
0e0.8
0e5
1.1
0.4e1.8
0e5
0.7
0.2e1.2
0e5
1.1
0.4e1.8
0e5
0.8
0.3e1.3
0e5
0.5
0e1
0e5
0.7
0.2e1.2
0e5
0.6
0.2e1
0e5
0.7
0e1.4
0e10
0.6
0.2e1
0e6.7
0.4
0e0.8
0e5
1.1
0.4e1.8
0e5
0.7
0.2e1.2
0e5
1.1
0.4e1.8
0e5
0.8
0.3e1.3
0e5
Structure mean
CI
range
0.3
0e0.7
0e5
0.3
0e0.7
0e5
0.3
0e0.6
0e5
0.1
0e0.4
0e5
0.2
0e0.5
0e5
0.1
0e0.4
0e5
0.3
0e0.7
0e5
0.2
0e0.4
0e2.5
0
n.d.
n.d.
0.1
0e0.2
0e1.7
5.3
4.9e5.7
5e10
5.3
4.9e5.7
5e10
5.3
5e5.6
5e10
5.1
4.8e5.4
5e10
5.2
4.9e5.5
5e10
5.1
4.8e5.4
5e10
5.3
4.9e5.7
5e10
5.2
5e5.4
5e7.5
5
n.d.
n.d.
5.1
5e5.2
5e6.7
Signal
intensity
mean
CI
range
10
8.2e11.8
0e30
4.5
2.4e6.6
0e30
7.2
5.5e8.9
0e30
4.2
2.6e5.8
0e10
6.2
4.8e7.6
0e23.3
9.5
8e11
0e30
5.3
2.9e7.7
0e30
7.4
5.9e8.9
0e20
4.6
3e6.2
0e10
6.4
5e7.8
0e16.7
4.7
4.1e5.3
0e10
2.1
1.2e3
0e10
3.4
2.8e4
0e10
2.1
1.3e2.9
0e5
3
2.4e3.6
0e8.3
4.6
4e5.2
0e10
2.4
1.4e3.4
0e10
3.5
2.9e4.1
0e7.5
2.3
1.5e3.1
0e5
3.1
2.5e3.7
0e6.7
Chondral
osteophytes
mean
CI
range
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 4.8
4.5e5.1
0e5
4.5
4.2e4.8
3e5
4.6
4.4e4.8
1.5e5
4.4
4e4.8
0e5
4.6
4.3e4.9
1e5
4.7
4.3e5.1
0e5
4.3
3.8e4.8
0e5
4.5
4.1e4.9
0e5
4.3
3.9e4.7
0e5
4.4
4e4.8
0e5
Subchondral
bone plate
mean
CI
range
0
n.d.
n.d.
0
n.d.
n.d.
0
n.d.
n.d.
0
n.d.
n.d.
0
n.d.
n.d.
0
n.d.
n.d.
0.1
0e0.4
0e5
0.1
0e0.2
0e2.5
0.1
0e0.4
0e5
0.1
0e0.3
0e3.3
0.8
0.3e1.3
0e5
2.7
1.9e3.5
0e8
1.8
1.2e2.4
0e6.5
3.8
2.9e4.7
0e8
2.5
1.9e3.1
0e7
0.9
0.3e1.5
0e5
3.4
2.6e4.2
0e10
2.2
1.6e2.8
0e6.5
4.6
3.7e5.5
0e10
3
2.4e3.6
0e7.7
Subarticular
spongiosa
mean
CI
range
0.1
0e0.4
0e5
0
n.d.
n.d.
0.1
0e0.2
0e2.5
0
n.d.
n.d.
0
0e0.1
0e1.7
0.1
0e0.4
0e5
0
n.d.
n.d.
0.1
0e0.2
0e2.5
0
n.d.
n.d.
0
0e0.1
0e1.7
3.6
2.6e4.6
0e10
2.9
1.9e3.9
0e8
3.3
2.4e4.2
0e9
2.6
1.8e3.4
0e8
3
2.2e3.8
0e7.7
3.4
2.4e4.4
0e10
3.4
2.4e4.4
0e8
3.4
2.5e4.3
0e9
3
2.1e3.9
0e8
3.3
2.5e4.1
0e8
Adhesions mean
CI
range
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
5
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
3
n.d.
n.d.
Effusion mean
CI
range
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
4.9
4.6e5.2
0e5
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.8e2
0e2
1.9
1.86e2
0e2
Total points mean
CI
range
27.1
23.8e30.4
10e70
22
18.4e25.6
10e65
24.5
21.2e27.8
12.5e67.5
21.7
18.4e25
10e55
23.6
20.4e26.8
13.3e63.3
25.8
22.7e28.9
10e70
23.3
19.6e27
10e50
24.5
21.5e27.5
10e55
23.7
20.2e27.2
10e50
25.1
21.9e28.3
11.7e50
40.2
37.2e43.2
27e73
38.8
35.3e42.3
25e74
39.5
36.4e42.6
29e73.5
39.2
35.6e42.8
27e79
39.4
36.2e42.6
29.3e75.3
38.9
35.9e41.9
27e76
40.3
36.6e44
25e69
39.6
36.6e42.6
27.5e67.5
42
38.3e45.7
27e72
41.3
38e44.6
28.7e66.3
Results are expressed as mean value (mean), 95% CI and minimum andmaximum values (range) for all (n¼ 38) tested samples. A and B indicate two different observers; I and II two time points. Aemean indicates the mean point values for all
observations by observer A, respectively; all e mean indicates mean point values for all observations, and all observers together. n.d.: not determined. n.a.: not applicable.
Table IV
Internal correlation of the 2D and 3D MOCART systems at 9.4 T and external correlation with the Sellers and Wakitani histological scoring systems
Internal correlation
Category 2D e cor. vs sag. 3D e cor. vs sag. 2D vs 3D e cor. 2D vs 3D e sag.
r P r P r P r P
Defect ﬁll 0.841 <0.001 0.863 <0.001 0.927 <0.001 0.930 <0.001
Cartilage interface 0.714 <0.001 0.695 <0.001 0.995 <0.001 0.996 <0.001
Bone interface n.d. n.d. 1 <0.001 n.d. n.d. n.d. n.d.
Surface 0.833 <0.001 0.322 0.048 1 <0.001 0.553 0.001
Structure 0.487 0.002 0.487 0.002 1 <0.001 1 <0.001
Signal intensity 0.803 <0.001 0.853 <0.001 0.976 <0.001 0.985 <0.001
Chondral osteophytes n.d. n.d. 0.944 <0.001 n.d. n.d. n.d. n.d.
Subchondral bone plate n.d. n.d. 0.796 <0.001 n.d. n.d. 0.395 0.014
Subarticular spongiosa 1 <0.001 0.903 <0.001 0.309 0.058 0.294 0.092
Adhesions 1 <0.001 1 <0.001 1 <0.001 1 <0.001
Effusion 1 <0.001 1 <0.001 1 <0.001 1 <0.001
Total points 0.718 <0.001 0.723 <0.001 0.940 <0.001 0.931 <0.001
External correlation
Category Wakitani score Sellers score
With 2D MOCART With 3D MOCART With 2D MOCART With 3D MOCART
Coronar Sagittal Coronar Sagittal Coronar Sagittal Coronar Sagittal
Defect ﬁll r
P
¡0.757
<0.001
¡0.714
<0.001
¡0.774
<0.001
¡0.770
<0.001
¡0.763
<0.001
¡0.736
<0.001
¡0.800
<0.001
¡0.812
<0.001
Cartilage interface r
P
0.164
0.325
0.242
0.143
0.156
0.348
0.424
0.142
0.122
0.464
0.214
0.198
0.117
0.485
0.213
0.198
Surface r
P
0.105
0.529
0.034
0.838
0.105
0.529
0.162
0.331
0.147
0.377
0.004
0.980
0.147
0.377
0.150
0.367
Structure r
P
n.d. n.d. n.d. n.d. 0.239
0.148
¡0.419
0.009
0.239
0.148
¡0.419
0.009
Subchondral bone plate r
P
n.d. n.d. n.d. n.d. n.d. 0.219
0.186
¡0.522
0.001
¡0.600
<0.001
Total points r
P
¡0.512
<0.001
¡0.458
0.004
¡0.479
0.002
¡0.445
0.005
¡0.598
<0.001
¡0.442
0.005
¡0.630
<0.001
¡0.520
0.001
For internal correlation, identical categories were directly correlated. For external correlation, coronal and sagittal reconstructions of the 2D and 3D MOCART scores were
applied. Here, ﬁtting and/or corresponding items were correlated. 2D ¼ 2D MOCART score; 3D ¼ 3D MOCART score; cor. ¼ coronal planes; sag. ¼ sagittal planes; both ¼ both
planes. Pearson r and P values were determined. Signiﬁcant r values are in bold (n.d. ¼ not done).
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(P < 0.001), r ¼ 0.963 for defect ﬁll (P < 0.001), r ¼ 0.979 for inte-
gration (P < 0.001), r ¼ 0.919 for matrix staining (P < 0.001),
r ¼ 0.706 for cell morphology (P < 0.001), and r ¼ 0.966 for surface
(P < 0.001).
Coronal and sagittal reconstructions of the 2D and 3D MOCART
total scores (averaged between all observations and observers)
were next compared with theWakitani and Sellers scoring systemsFig. 3. BlandeAltman plot of 2D and 3D MOCART scoring systems for coronal (a) and sagitta
the x-axis (2D þ 3D MOCART systems total points/2) and the difference between the two sys
(a), the mean difference was 15 points and the 95% CI was between 9 and 21 points higher wi
lines. Correlation analysis between the average of the 2D and 3D measurements vs the diffe
was 16 points with 95% CI between 8 and 24 points higher for the modiﬁed 3D MOCART s(Tables IV and V). The results obtained by the 3D MOCART score
were, in general, better than with the 2D system.
Based on these results, Sellers and Wakitani histological scoring
systems (Fig. 4) were plotted against the 3D MOCART system with
the objective of assessing this relationship for coronal vs sagittal
reconstructions. The inverse relationships (for both coronal and
sagittal) were in average better with respect to predicting Sellers
thanWakitani histological scores (Table IV). When the Sellers scorel (b) reconstructions. The average of the two scoring systems total points are plotted on
tems on the y-axis (3D  2D MOCART systems total points). For coronal reconstructions
th the modiﬁed 3DMOCART scoring system. Limits of agreement are denoted as dashed
rence was not signiﬁcant (P ¼ 0.970). For sagittal reconstructions (b), mean difference
coring system. Here, correlation analysis was also not signiﬁcant (P ¼ 0.490).
Table V
Results of an elementary (Wakitani) and a complex (Sellers) semiquantitative his-
tological scoring system serving as examples for established articular cartilage repair
grading systems
Category Mean 95% CI Range
Wakitani score
Cell morphology 1.7 1.6e1.8 1.0e2.2
Matrix staining 2.9 2.7e3.0 1.2e3.0
Surface regularity 2.2 2.0e2.5 0.6e3.0
Thickness of cartilage 1.4 1.2e1.7 0e2.0
Integration 0.8 0.6e1.0 0e2.0
Total points 9.0 8.4e9.6 6.1e11.9
Sellers score
Filling 3.1 2.7e3.5 0e4.0
Integration 1.8 1.5e2.0 0.6e3.0
Matrix staining 3.8 3.6e4.0 1.5e4.0
Cellular morphology 4.4 4.2e4.7 1.7e5.0
Architecture defect 2.7 2.3e3.1 0.5e4.0
Architecture surface 2.3 2.1e2.5 0.6e3.1
Subchondral bone 1.6 1.2e2.0 0e4.0
Tidemark 4.0 3.9e4.0 3.1e4.0
Total points 23.5 22.3e24.8 14.1e29.6
Results are expressed as mean value (mean), 95% CI and minimum and maximum
values (range) for all (n ¼ 38) tested samples.
L. Goebel et al. / Osteoarthritis and Cartilage 22 (2014) 1386e13951392was plotted against the 3D MOCART score (Fig. 4), the ﬁtted linear
equations were y ¼ 33e0.25*x for coronal reconstructions
[R2¼ 41% (of variance explained)] and y¼ 35e0.28*x (R2¼ 49%) for
sagittal reconstructions. For the Wakitani score (Fig. 4), ﬁtted linear
equations were described with y ¼ 13e0.09*x (R2 ¼ 25%) for cor-
onal reconstructions and y ¼ 130.11*x (R2 ¼ 32%) for sagittal re-
constructions, when plotted against the 3D MOCART system. Here,
similar relationships were found for both e coronal and sagittal-
reconstructions in predicting Sellers or Wakitani scores.
Discussion
The major ﬁnding of the present study is that key histological
categories of both an elementary and a complex histological scoring
system for experimental osteochondral repair can reliably be
determined by non-destructive 9.4 T high-ﬁeld MRI evaluation.
Histological categories “total points” and “defect ﬁll” of both the
Wakitani and Sellers scores can reliably be assessed by 9.4 T high-
ﬁeld MRI using either the 2D or 3D MOCART system. Second, the
adapted 3D MOCART score allows to reliably assess the category
subchondral bone plate of the Sellers histological scoring system.
Third, correlation analysis between 2D and 3D MOCART scores was
high, while, based on a BlandeAltman analysis, 3D MOCART scoresFig. 4. Inverse relationship of the 3D MOCART scoring system with histological scoring syste
against the Sellers (a) and Wakitani scores (b). A similar relationship in predicting histologtend to reach averagely 15 points more for coronal and 16 points for
sagittal assessments compared to the 2D system.
The MOCART scoring systems were initially deﬁned for the
in vivo assessment of articular cartilage repair in patients, and are
usually performed with scanners at 1.5, respectively 3.0 T7,1113.
Previously, we found high correlations between macroscopic
scoring systems and 9.4 T MRI when the 2D MOCART scoring sys-
tem was adapted for the ex vivo analysis of osteochondral samples
of cartilage repair18. The 3D MOCART system represents a signiﬁ-
cant improvement of the 2D MOCART score, allowing for a more
accurate and detailed assessment of osteochondral repair7,12.
Further developments in MRI, such as increased ﬁeld strength,
allow for higher resolutions and improved image quality. The lim-
itations in sample volume usually necessitate an ex vivo analysis of
specimen from large translational animal models18,28e31. In the
present work, the 3DMOCART systemwas adapted to be applicable
for the ex vivo assessment of osteochondral samples. In this system,
point allocation was adjusted to the 2D MOCART system, while
categories “adhesions” or “edema” were chosen to be determined
by clinical examination. “Subchondral bone plate”, a category based
on a pointing scale by Ochs et al.25, was included because the
integrity of the subchondral bone is a key for preserving the
function of the entire osteochondral unit32,33. This category is
already similarly represented as histological category “subchondral
bone” in the Sellers score23. Likewise, the different items of the
original 3D MOCART score category “subchondral bone” were
combined to different groups in the adapted category “subarticular
spongiosa” to allow for an improved description of possible alter-
ations. Altogether, the structure and point allocation of this adapted
3D MOCART score is now similar to major histological scoring
systems, emphasizing the close association between data obtained
by 9.4 T high-ﬁeld MRI and histological analyses. The possibility of
performing MRI immediately after explantation of the samples is of
great advantage as it allows for a rapid assessment of cartilage
repair2,3,8. Important outcome categories of experimental cartilage
repair such as “defect ﬁll” and “total points” can be directly
assessed, while histological analyses are more time-depending.
More importantly, MRI allows for a straightforward non-
destructive evaluation in different planes that is complicated to
achieve for histological assessments based on (serial) sections of
parallel planes26.
When individual categories of the 2D MOCART score were
correlated with the corresponding categories of the 3D MOCART
score in a 9.4 T high-ﬁeld MRI, all categories exhibited high internal
correlation except for “subarticular spongiosa”. This may be
explained by the fact that the 2D MOCART only distinguishesms. Coronal (solid line) and sagittal (dashed line) 3D MOCART total scores were plotted
ical scores were found for both, coronal and sagittal, reconstructions.
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distinguishes seven different groups of alterations. Correlations
between coronal and sagittal planes within the same scoring sys-
temwere always high, emphasizing the possibility to reliably assess
cartilage repair in different planes with bothMOCART scores. When
2D or 3D MOCART systems are applied, investigators need to be
aware of a bias when comparing both systems. The BlandeAltman
analysis clearly suggests that the MOCART total score depends on
whether the 2D or 3D systems are used. While the correlation is
very high, analysis based on BlandeAltman agreement conﬁrms
considerably higher scores using the modiﬁed 3D system. Thus,
highly correlated but evidence suggests a lack of agreement judging
from the average difference of 15 points for coronal and 16 points
for sagittal assessments, and the use of the 3D MOCART score is
recommended, provided that the bias in terms of average differ-
ence is kept in mind when comparing the 2D with the 3D system.
Of note, the categories “defect ﬁll” and “total points” of the 2D
and 3D MOCART scores reﬂected well the corresponding categories
of the Sellers and Wakitani histological scores. Also, the category
“subchondral bone plate” of the 3D MOCART system correlated
with the respective category of the Sellers system. This shows that
histological “defect ﬁll” and “total points” e important structural
categories of cartilage repair e can reliably be estimated at a very
early time point by 9.4 T high-ﬁeld MRI evaluation, as well as
“subchondral bone plate” when using the 3D system. The linear
relationship for 2D and 3DMOCART total scores (averaged between
the two independent observers and time points) were compared
between different reconstructions and each histological score. The
results obtained by 3D were, in general, better than 2D and
therefore 3D MOCART total scores were plotted with each histo-
logical score with the objective of assessing this relationship for
coronal vs sagittal planes. The inverse relationships for both, cor-
onal and sagittal, were betterwith respect to predicting Sellers than
Wakitani, mostly because the range of scores is narrower for
Wakitani and consequently this restriction of range attenuates the
correlation (and thus, a lower R2). Only structural categories as e.g.,
“defect ﬁll”, and “total points” correlated, as all tested systems
describe structural categories. Vice versa, other histological cate-
gories as “cell structure” or “matrix staining” were lacking a
congruent MRI counterpart. Previous studies have already proven
that macroscopic “defect ﬁll” as well as “total points” correlated
with articular cartilage repair assessed by 9.4 T high-ﬁeld MRI18.
Although the present ﬁndings strongly link experimental 9.4 T
high-ﬁeld MRI to macroscopic and histological assessment of
cartilage repair based on the high correlations for key categories
between both, MRI and macroscopy18, and MRI and histology, a
limitation remains the inability of MRI to depict single cells and
their arrangement. Moreover, a direct in vivo assessment of carti-
lage repair in large animals has not been performed yet due to the
inherent small coil size of current experimental 9.4 T high-ﬁeldMRI
scanners. While in vivo high-ﬁeld MRI at 9.4 T, to the best of our
knowledge, has only been performed for small animal models (e.g.,
rat34 or guinea pig35), future studies are warranted to expand these
ﬁndings: High-ﬁeld MRI with 7.0 T or above allow for new appli-
cations. One advantage is that the SNR and possible spatial reso-
lution directly correlate with the ﬁeld-strength. The increased
sensitivity to susceptibility effects may be used for susceptibility
weighted-imaging (SWI) which may allow to gain completely new
contrast possibilities at higher ﬁeld-strength15,36. While clinical
MRI scanners at 1.5 or 3.0 T usually rely on protons, other nuclei as
23Na, 31P or 17O may allow a more speciﬁc diagnosis because of a
closer relationship to the pathology15,21. Nuclei other then protons
are less sensitive and provide lower signals, resulting either in
larger voxel size or increasedmeasure time, or both. Here, MRI with
a higher ﬁeld strength of 7.0 or 9.4 T may play a key role to fosterclinical applications of non-proton MRIs15,20. When the ﬁeld
strength is enlarged, proton relaxation times of the tissues change,
as e.g., observed for T1, increases37. On the other hand high-ﬁeld
MRI is more challenging to perform, as an increased severity to
artifacts, higher motion sensitivity, increased sensitivity to physi-
ological noise, increased radiofrequency inhomogeneities and
speciﬁc absorption rate effects (SAR), as caused by tissue heating in
the MRI, are observed. SAR increases with the square of the mag-
netic ﬁeld strength, and therefore heating issues may become a
problem at higher ﬁeld-strengths38.
New generation of experimental high-ﬁeld MRI with larger
gentry size or clinical MRI scanners with increased ﬁeld-strength
will allow to perform in vivo analyses in large animal models.
Recently, some studies have already reported imaging of knee or
ankle cartilage at 7.0 T in clinical ultra-high-ﬁeld MRI in pa-
tients39,40. For example, cartilage and trabecular bone can be
imaged in ultra-high-ﬁeld MRI as described by Krug et al.19 where
quantitative MRI for the assessment of trabecular bone structure at
the tibia, wrist, and knee were employed. Welsch et al.41 reported
results of in vivo biochemical MRI at 7.0 T for dGEMRIC, T2, and T2*
mapping of articular cartilage and found promising results for the
differentiation of healthy and affected articular cartilage for a zonal
assessment of deep and superﬁcial cartilage layers.
A strength of this study is the combined assessment of cartilage
repair by histological and high-ﬁeld MRI at 9.4 T, showing that the
2D and 3D MRI scoring systems correlate with each other, while
being aware of a bias of 15e16 points when the 3D system is
applied, and with histological assessments. Also, the original and
now adapted 2D and 3D MOCART scores share several similar cat-
egories with the applied histological scoring systems. This enables
to reliably compare key categories of cartilage repair for either
system. In principle, high-ﬁeld MRI provides an improved non-
invasive method to visualize articular cartilage repair in any
desired plane. Moreover, high-ﬁeld MRI with a voxel size of 120 mm
edge length may link macroscopy to histology.
Altogether, these ﬁndings emphasize the value of 9.4 T high-
ﬁeld MRI as it offers novel avenues to objectively evaluate osteo-
chondral repair in translational settings.
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